We present an Arabidopsis thaliana full-length transcription factor resource of 92% of root stele-expressed transcription factors and 74.5% of root-expressed transcription factors. We demonstrate its use with enhanced yeast one-hybrid (eY1h) screening for rapid, systematic mapping of plant transcription factor-promoter interactions. We identified 158 interactions with 13 stele-expressed promoters, many of which occur physically or are regulatory in planta.
Arabidopsis root stele tissue, 66 of which comprise transcription factor-promoter interactions, of which 49% we confirmed to be regulatory in planta. This validation rate is higher or on par with reports using chromatin immunoprecipitation-based assays [3] [4] [5] . Interactions had been identified by screening against a collection representing 24% of stele-expressed transcription factors 6 and had been identified with only 25% of promoters, which is likely due to the limited size of the transcription factor collection. Furthermore, not all clones in the previous collection are full length, which may influence both false negatives and false positives. Here we report a comprehensive full-length collection of transcription factors expressed in the stele. We adapted the enhanced Y1H (eY1H) method 7 to rapidly and systematically map stele and plant gene regulatory networks.
We generated a sequence-verified collection of 653 Arabidopsis full-length transcription factor clones, representing 92% of all transcription factors reported to be expressed in the root stele ( Fig. 1 , Supplementary Notes and Supplementary Table 1 ) and 74.5% of all transcription factors expressed in the root. We obtained Gateway transcription factor Entry clones from public resources (484 clones), our previous studies (91 clones) 6 or we performed de novo cloning (78 clones) (Supplementary Fig. 1 ). Gene models and transcription factor families associated with these clones are available in Supplementary Table 1 . The library contains substantial representation (greater than 40 members) from the NAC (NAM, ATAF1, CUC2), bHLH (basic helix loop helix), C2H2, MYB and AP2/EREBP (APETALA2 and ethylene responsive element binding protein) families and has nearly comprehensive coverage of transcription factors expressed generally in the stele tissue and in specific cell types (Fig. 1b,c) . We had performed our previous screens using manual direct transformation-based assays with a low-copy activation domain vector 6 . In contrast, the eY1H configuration uses a matingbased assay along with a high-copy activation domain vector, an α mating type yeast bait strain, four technical replicates and automation 7 (Online Methods). We tested both mating and direct-transformation assays with 94 previously screened transcription factors in both the low-copy and high-copy activation domain vector using a single Arabidopsis promoter (REVOLUTA, or REV ) for which many interactors have been biologically validated 6 (Supplementary Fig. 1 ). Mating-based Y1H assays in Caenorhabditis elegans using a low-copy activation domain vector detect about half as many interactions compared to haploid transformation assays 8 . We found similar results, and use of the high-copy eY1H activation domain vector largely rectified these inconsistencies (Supplementary Notes and Supplementary  Fig. 2 ). We tested use of a hand replicator with this pipeline and obtained similar results (Supplementary Notes). We recombined the 653 transcription factor-encoding open reading frames with a high-copy GAL4-activation domain fusion Y1H prey vector (AD-2µ) ( Fig. 1b and Online Methods) and fully sequenceverified all clones in the prey vector.
We detected transcription factor-promoter interactions in the eY1H assay using two promoter:reporter constructs: HIS3 and LacZ (Fig. 2a) . We arranged transcription factors in 384-well plates with four technical replicates per transcription factor, one set of empty wells and one set with an empty vector as a negative control. At least two of the replicates must have displayed reporter activation with both reporters for an interaction to be recorded 7 .
We screened 13 previously assayed Arabidopsis stele-expressed gene promoters, including four for which we did not detect any interacting transcription factors previously. We had previously identified 36 interactions between 19 transcription factors and 9 promoters. With the enhanced transcription factor coverage we now identified 158 interactions between 85 transcription factors and all 13 promoters ( Fig. 2b and Supplementary  Tables 2 and 3) . We observed 39% of previously identified interactions, which is similar to other comparisons of yeast assays (Supplementary Fig. 3a ) 8, 9 . Moreover, we identified 7 of 14 transcription factor-promoter interactions previously confirmed to occur physically or be regulatory in planta 7 demonstrating that our approach can be used to identify biologically relevant interactions (Supplementary Fig. 3b ). This false negative rate is comparable to that identified in yeast two-hybrid assays 9, 10 . Finally, to validate a new interaction, we tested the interaction between the OBP2 transcription factor and the REV gene using a 35S-OBP2-glucocorticoid receptor translational fusion. OBP2 repressed expression of its target gene, REV, similar to its regulatory action on its target that is closely related to REV, PHABULOSA (PHB) 6 (Fig. 2c) .
Previously, we determined a significant positive correlation (P = 0.05) between genes bound by a relatively large number of transcription factors and their developmental importance, including PHB and REV 6 . We found that PHB and REV continue to have the greatest number of transcription factors binding to their promoters, with 30 transcription factors identified to bind to the PHB promoter and 37 to the REV promoter relative to the average number of 3.36 transcription factors per promoter. Furthermore, network complexity for these 13 promoters increased from three to four tiers of transcriptional regulation (Fig. 2c) .
In summary, a nearly comprehensive root stele transcription factor resource combined with a high-throughput robotic approach to Y1H screens enabled rapid and systematic mapping of plant gene regulatory networks. These networks will increase our understanding of plant tissue complexity and development. Stele-expressed transcription factor collection. Full-length and sequenced, verified transcription factor (TF) entry clones of TFs identified as stele-expressed were recombined into the AD-2µ destination vector 7 by a Gateway LR reaction. We confirmed 653 clones first with colony PCR and then verified by sequencing using the AD and TERM primers 11 . Clones were transformed into Yα1867, the Y1H prey strain 7 to create the prey collection. The TFs were arrayed into 96-well plate format with 94 TFs. One empty well was located at position H11 and one well with an empty AD-2µ vector at position H12. This arrangement was then arrayed in quadruplicate so each TF was present as four technical replicates per plate. The 653 TFs were found across seven TF plates.
Baits screened. All promoter clones were obtained from reference 6. Nine of these promoters were chosen because they had multiple interactors in the previous study (AT1G30490, AT2G34710, AT3G43430, AT4G37650, AT5G12870, AT5G25160, AT5G53980, AT5G60200 and AT5G60690). Four promoters were chosen because they had no interactors in the previous study (AT1G64620, AT1G71930, AT3G25710 and AT1G62990). These promoters regulate the expression of TFs expressed in stele tissue.
eY1H protocol. Our eY1H protocol varies slightly from the described method 7 , primarily owing to our use of a different robot, the BioRad VersArray. To grow the TF prey, we first inoculated a 96-well culture in tryptophan dropout selective medium from 96-well glycerol stocks and let it grow overnight shaking at 30 °C. This overnight culture was then used to inoculate a 384-well liquid culture plate (Fisher) in tryptophan dropout selective media which is also grown overnight, shaking at 30 °C. We used a BioRad VersArray robot to replicate the yeast. This robot uses metal pins to pick yeast colonies. The robot dips the metal pins into the liquid culture and replicates onto the tryptophan dropout agar plate. This step was repeated 5 times to ensure enough yeast were transferred. The pins were washed according to the following protocol: (i) dip pins into water for 3 s, repeat 6 times; (ii) dip pins in 70% ethanol for 1 s, repeat 3 times; (iii) dip pins in sonicator for 8 s, repeat one time; (iv) dip pins in 100% ethanol for 4 s; (v) dry pins for 50 s; and (vi) allow pins to cool for 20 s. The TF plates were grown for 3 d at 30 °C. The promoter strain was grown overnight in a yeast peptone dextrose (YPD) liquid culture overnight and plated with glass beads on a histidine and uracil dropout agar plate to create a lawn. The lawns were grown for 2 d. The mating process was the same as a previously described method 7 , but we allowed the yeast to mate for 2 d on the YPD plates supplemented with adenine. To test for LacZ activation, we used a colorimetric β-galactosidase assay using nitrocellulose filters 3 .
Direct transformation. All direct transformation assays we performed according to the methods described in reference 11.
Positive interactions. We took pictures for the β-galactosidase assay when any colonies began to appear blue ('positives') at 30 min, 1 h, 2 h, 3 h, 4 h, 7 h and 24 h. If no positives were seen, we took pictures at 7 h and 24 h. Pictures were taken of the histidine, uracil and tryptophan dropout agar plates containing 3-amino-1,2,4-triazole on day 5 and on additional days if necessary up to day 10. We looked at each set of reporter assays individually and recorded positives. We scored positives in both reporter assays separately.
Media. We used minimal medium broth and agar with Dropout supplements (tryptophan; histidine and uracil; histidine, uracil and tryptophan). We used YPD plates supplemented with adenine agar and YPD broth for nonselective medium.
Network graph. The network graph was visualized using Cytoscape 12 .
Biological validation: plant growth. All plants were grown vertically on 1× Murashige and Skoog salt mixture, 1% sucrose and 2.3 mM 2-(N-morpholino)ethanesulfonic acid (pH 5.8) in 1% agar. All tissues sampled were 5 d old. Plants to be used for RNA extraction were plated on nylon mesh as in reference 1, and plants were transferred to 10 µM dexamethasone on the nylon mesh as described in reference 6.
Biological validation: quantitative PCR. RNA was isolated from 35S-OBP2-glucocorticoid receptor line 13 roots treated for 0 h or 1 h with 10 µM dexamethasone with (30-50 individual plants each) grown on the same plate using the Qiagen RNEasy kit, and cDNA was synthesized using the Superscript III First Strand Synthesis kit (Invitrogen). Gene expression was measured for two biological replicates across three technical replicates each using the BioRad myIQ Cycler, and data were analyzed using the ∆∆Ct method. Each plate was considered a biological replicate. cDNA was diluted to 500 ng µl −1 . For measurement of REV expression, owing to extensive sequence similarity, primers amplifying 400 base pairs of their cDNA sequence were designed as described in reference 6. A primer set amplifying 400 base pairs of β-tubulin was used as a control in these cases as described in reference 6. 
